Abstract: This study analyzes the operation of Biomass System (BIO System) technology for the combustion of pellets from almond and olive trees within the circular economy model. Its aims are the reduction of greenhouse gas emissions as well as waste removal and its energy use by reintroducing that waste into the production process as technological nutrient. In order to do so, combustion efficiency under optimal conditions at nominal power was analyzed. In addition, a TESTO 350-XL analyzer was employed to measure CO and NO x emissions. High combustion efficiency values were obtained, 87.7% and 86.3%, for pellets from olive tree and almond tree, respectively. The results of CO and NO x emission levels were very satisfactory. Under conditions close to nominal power, CO emission levels were 225.3 ppm at 6% O 2 for pellet from almond tree and 351.6 ppm at 6% O 2 for pellet from olive tree. Regarding NO x emissions, the values were 365.8 ppm at 6% O 2 and 333.2 ppm at 6% O 2 for pellets from almond tree and olive tree, respectively. In general, these values were below those legally established by current legislation in European countries. Therefore, BIO System technology is a perfectly feasible option in terms of energy use and circular economy.
Introduction
The dependence on energy resulting from the use of fossil fuels and the growing environmental concern have been the main reasons for the increase in the use of biomass as a renewable energy source for electrical and thermal energy generation, particularly in the European Union countries [1] [2] [3] .
With this aim in mind, both the 2015 Paris Climate Conference and the UN Framework Convention on Climate Change developed a roadmap in order to reduce carbon dioxide emissions from the year 2020. This has all led to a new paradigm where the European Union has suggested that different sectors of production must take action within the circular economy model. It is necessary to set deadlines in order for the production sector to reduce greenhouse gas emissions and wastes [4] . Thus, the biofuel sector acquires greater relevance [5, 6] , and biomass is becoming an attractive resource to progressively replace fossil fuels [7] .
The exploitation of biomass for energy production has gained great popularity in recent years [8] [9] [10] [11] . Currently, biomass holds fourth place after oil, natural gas, and coal, as it supplies approximately 14% of Table 1 shows the physical characteristics for the pellets from almond and olive trees. Values for pellets from almond tree were similar to those for pellets from olive tree, although the length was slightly higher and bulk density was slightly lower (Table 1) . Barbanera et al. [17] also worked with pellet from olive tree whose characteristics were similar to those used in this study. The diameter was 6.1 mm, the length was 23 mm, and the bulk density was within the range of 640-650 kg·m −3 . Table 2 shows the results of immediate and elemental analyses, as well as the heating values and other properties. Regarding immediate analysis results, it is important to mention the high content of volatile matter obtained for both types of pellets, which is an essential characteristic for the proper combustion in the BIO System equipment. In the case of pellet from almond tree, volatile matter fluctuates between 75.73% by weight for the stabilized sample and 79.32% by weight for the dry sample. Regarding pellet from olive tree, volatile matter fluctuates between 77.26% by weight for the stabilized sample and 80.82% by weight for the dry sample (Table 2) . García et al. [7] obtained a volatile matter percentage of 75.6% and 78.0% for pellets from almond and olive trees, respectively, which were similar to those values obtained in this research. Aktas et al. [20] obtained a volatile matter percentage of 75.03% for pellet from almond tree, which is similar to those values previously mentioned.
Results and Discussion

Physicochemical Analysis
When comparing both types of pellets, moisture and ash contents for pellet from olive tree were lower than in the case of pellet from almond tree ( Table 2 ). For pellet from olive tree, García et al. [7] obtained moisture and ash percentages of 8.7% and 13.0%, respectively, which were higher than the ones obtained in this study. Moisture and ash values for pellet from almond tree were 7.1% and 5.4%, respectively [7] . In the study on pellet from almond tree carried out by Aktas et al. [20] , moisture and ash values were 9.06% and 4.56%, respectively. Barbanera et al. [17] obtained an ash percentage within the range of 2.5% and 3.0% for pellet from olive tree, similar to that obtained for pellet from olive tree in this study and shown in Table 2 . In addition, volatile matter/fixed carbon ratio is higher for pellet from olive tree (4.9) than for pellet from almond tree (4.4) ( Table 2 ). This ratio has some influence on ignition, combustion, and even NO x formation. Such a trend is also obtained by García et al. [7] , in whose work the volatile matter/fixed carbon ratio was 8.7 for pellet from olive tree and 4.0 for pellet from almond tree.
Regarding the elemental analysis and heating value, both fuels have very similar properties (Table 2) . Pellet from almond tree showed percentages by weight of carbon, hydrogen, nitrogen, and sulfur within these ranges: 45.27-47.42, 5.40-5.66, 0.49-0.51 and 0, respectively. For pellet from olive tree, percentages by weight of carbon, hydrogen, nitrogen, and sulfur were within these ranges: 45.20-47.28, 5.55-5.80, 0.48-0.50 and 0, respectively. García et al. [7] obtained similar values for pellets from almond and olive trees; more specifically, values for pellet from almond tree were 47.35%, 6.36%, 0.65%, and 0.16% of carbon, hydrogen, nitrogen, and sulfur, respectively. For pellet from olive tree, García et al. [7] obtained 45.36%, 5.47%, 1.47%, and 0.28% of carbon, hydrogen, nitrogen, and sulfur, respectively. The difference between the content of sulfur of this work and the research carried out by García et al. [7] could reside in the variations of quality of the pellets and the different origin of them as García et al. [7] used biomass coming from Austria and several zones of Spain, and this work was developed in Andalusia. Moreover, the presence of barks and the use of fertilizers and herbicides could increase the content of sulfur in the biomass. Aktas et al. [20] analyzed pellet from almond tree, obtaining 48.59% of carbon, 5.57% of hydrogen, 0.90% of nitrogen, and 0.22% of sulfur. Furthermore, it is remarkable that the heating value for pellet from olive tree is slightly higher than the one obtained by Barbanera et al. [17] , which is close to 4200 kcal·kg −1 .
Taking into account the rest of the characteristics studied, it can be deduced that for the same fuel volume, pellets from olive tree produce a higher total power as can be seen in the energy density values shown in Table 2 , since the value for pellet from olive tree is 11,658 MJ·m −3 whereas for pellet from almond tree is 11,146 MJ·m −3 .
Regarding air-fuel ratio stoichiometric , under equal fuel loads and fan operation parameters, combustion for pellets from almond tree has a higher excess of air, and consequently, combustion efficiency will be lower, although both fuels present very similar ratios ( Table 2) . Table 2 shows the values of adiabatic temperature of the flame for pellets from almond and olive trees, obtaining very similar values: 2308 • C and 2293 • C, respectively. Such temperatures are the highest possible for the combustion of the pellets used in this study, as it is defined as the flame temperature during combustion taking place in a perfectly adiabatic area where enthalpy for reagents and for products are equivalent as there is no heat output.
From the results obtained in relation to the characterization of each fuel, it is possible to deduce that the transformation of these fuels in the BIO System equipment is not going to pose any problem regarding the compatibility of the technology with fuel characteristics. Figures 1 and 2 show the results in relation to the complete development of tests with pellets from almond and olive trees. Evolution of CO emissions corrected to 6% O2, O2 concentration, exhaust gas temperature (Tg), and power during combustion tests with pellets from olive tree. Figures 1 and 2 show the evolution of CO and O2 concentrations, exhaust gas temperature (Tg), and power during combustion tests with pellets from almond and olive trees. The stop by temperature (observed in Figures 1 and 2 ) occurs in some systems due to the introduction of high amount of biomass, which causes an increase of temperature and the system to stop. The power outage did not influence the process as it occurred at the end of the cycle (7/20 s) and the following cycle started with similar values to those obtained for the first cycle, as shown in Figure 2 . It should Evolution of CO emissions corrected to 6% O2, O2 concentration, exhaust gas temperature (Tg), and power during combustion tests with pellets from olive tree. Figures 1 and 2 show the evolution of CO and O2 concentrations, exhaust gas temperature (Tg), and power during combustion tests with pellets from almond and olive trees. The stop by temperature (observed in Figures 1 and 2 ) occurs in some systems due to the introduction of high amount of biomass, which causes an increase of temperature and the system to stop. The power outage did not influence the process as it occurred at the end of the cycle (7/20 s) and the following cycle started with similar values to those obtained for the first cycle, as shown in Figure 2 . It should Figure 2 . Evolution of CO emissions corrected to 6% O 2 , O 2 concentration, exhaust gas temperature (Tg), and power during combustion tests with pellets from olive tree. Figures 1 and 2 show the evolution of CO and O 2 concentrations, exhaust gas temperature (Tg), and power during combustion tests with pellets from almond and olive trees. The stop by temperature (observed in Figures 1 and 2 ) occurs in some systems due to the introduction of high amount of biomass, which causes an increase of temperature and the system to stop. The power outage did not influence the process as it occurred at the end of the cycle (7/20 s) and the following cycle started with similar values to those obtained for the first cycle, as shown in Figure 2 . It should be noted that at nominal power, the oxygen content of the flue gases remained at around 9% (Figures 1 and 2 ), which shows a positive operation and allows to see a fairly high combustion efficiency. Figures 3 and 4 show the evolution of CO and NO x average emissions corrected to 6% O 2 , corresponding to combustion tests with pellets from almond and olive trees.
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Energies 2016, 9, 777 6 of 15 be noted that at nominal power, the oxygen content of the flue gases remained at around 9% ( Figures  1 and 2 ), which shows a positive operation and allows to see a fairly high combustion efficiency. Figures 3 and 4 show the evolution of CO and NOx average emissions corrected to 6% O2, corresponding to combustion tests with pellets from almond and olive trees. As expected, CO content of the fumes decreased substantially with the partial load ( Figure 3 ). CO content depends on the oxygen percentage in the system. In light of this, the BIO System operates with an excess of air, and CO concentration decreases since the combustion is completed with the increase of power (Figure 3 ). Regarding the NOx concentration, this will rise if the combustion temperature increases to high values, but these values are lowered with the increase of power, and a decreasing trend can be observed for the NOx concentration ( Figure 4 ). Close to be noted that at nominal power, the oxygen content of the flue gases remained at around 9% ( Figures  1 and 2 ), which shows a positive operation and allows to see a fairly high combustion efficiency. Figures 3 and 4 show the evolution of CO and NOx average emissions corrected to 6% O2, corresponding to combustion tests with pellets from almond and olive trees. As expected, CO content of the fumes decreased substantially with the partial load ( Figure 3 ). CO content depends on the oxygen percentage in the system. In light of this, the BIO System operates with an excess of air, and CO concentration decreases since the combustion is completed with the increase of power (Figure 3 ). Regarding the NOx concentration, this will rise if the combustion temperature increases to high values, but these values are lowered with the increase of power, and a decreasing trend can be observed for the NOx concentration ( Figure 4 ). Close to As expected, CO content of the fumes decreased substantially with the partial load ( Figure 3 ). CO content depends on the oxygen percentage in the system. In light of this, the BIO System operates with an excess of air, and CO concentration decreases since the combustion is completed with the increase of power ( Figure 3 ). Regarding the NO x concentration, this will rise if the combustion temperature increases to high values, but these values are lowered with the increase of power, and a decreasing trend can be observed for the NO x concentration (Figure 4 ). Close to nominal power, CO content tends to reach a minimum value for pellets from almond tree (225.3 ppm CO at 6% O 2 ) and from olive tree (351.6 ppm CO at 6% O 2 ), according to Table 3 , which shows a comparison of CO and NO x average emissions, measured during stable operation periods of tests with pellets from almond and olive trees at a similar nominal power. These CO values indicate a high degree of oxidation of combustible matter as well as the suitability of BIO System burner technology for those fuels analyzed in relation to the behavior required in countries with boiler emission regulations for biomass fuels.
When comparing the behavior of NO x emissions, the results obtained are similar to those of CO emissions, as emission evolutions of these gases decrease with power, reaching values of 365.8 ppm NO x at 6% O 2 for pellet from almond tree and 333.2 ppm NO x at 6% O 2 for pellet from olive tree, corresponding to operation under conditions very close to nominal power.
Values in Table 3 can be compared to the emission levels of pollutants into the atmosphere allowed by European Union countries for low-power biomass boilers. Denmark, Germany, and Austria limit CO emissions to 725 ppm at 13% O 2 , 1000 ppm at 13% O 2 , and 1400 ppm at 13% O 2 , respectively [31] . In addition, NO x emissions in Austria are limited to 230 ppm at 13% O 2 [31] . In both cases, CO emissions obtained during stable periods at nominal power are below those legally established in other European countries, such as Denmark, Germany, and Austria, which are pioneers in the use of automated and low-power biomass boilers. When comparing the behavior of NO x emissions, the results obtained for olive tree are similar to the reference value according to the legislative requirements in Austria although it is slightly to high for almond tree (Table 3) .
A similar analysis was carried out by Fernández et al. [16] , who studied CO and NO x emissions during combustion of different types of biomass, which included biomass from almond tree. Oxygen concentration and combustion temperature were also measured in this study. Such authors obtained levels of CO emissions below 600 ppm and NO x emissions below 10 ppm for pellet from almond tree. Table 4 shows the results of combustion efficiency obtained during the tests using both fuels, pellets from almond and olive trees, and for different partial loads. Table 4 also shows combustion efficiency calculated based on a gas temperature of 120 • C. The temperature registered by the gas analysis equipment is not considered for this calculation. However, an exhaust temperature of 120 • C was estimated when working at nominal power, which is perfectly acceptable for a system designed with a larger heat exchanger. Figure 5 shows the combustion efficiency values for the different loads and both fuels.
Combustion Efficiency
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González et al. [1] obtained a similar tendency for combustion efficiency with pellet from almond tree depending on the biofuel mass flow, with an efficiency of 88.3% when mass flow was 100%. Figure 6 shows the excess of air for the combustion tests with pellets from almond and olive trees. Regarding the excess of air, this parameter is highly linked to the efficiency of the system. The excess air during combustion can be defined as the percentage of additional air over the amount of stoichiometric air necessary to develop combustion under optimal conditions. As can be seen in Table 4 , the efficiency obtained for pellet from olive tree was higher than for pellet from almond tree, with values of 87.7% at nominal power for pellet from olive tree and 86.3% for pellet from almond tree.
González et al. [1] obtained a similar tendency for combustion efficiency with pellet from almond tree depending on the biofuel mass flow, with an efficiency of 88.3% when mass flow was 100%. Figure 6 shows the excess of air for the combustion tests with pellets from almond and olive trees.
González et al. [1] obtained a similar tendency for combustion efficiency with pellet from almond tree depending on the biofuel mass flow, with an efficiency of 88.3% when mass flow was 100%. Figure 6 shows the excess of air for the combustion tests with pellets from almond and olive trees. Regarding the excess of air, this parameter is highly linked to the efficiency of the system. The excess air during combustion can be defined as the percentage of additional air over the amount of stoichiometric air necessary to develop combustion under optimal conditions. Regarding the excess of air, this parameter is highly linked to the efficiency of the system. The excess air during combustion can be defined as the percentage of additional air over the amount of stoichiometric air necessary to develop combustion under optimal conditions. Consequently, the higher combustion efficiency for pellet from olive tree is due to the fact that the excess air was higher when carrying out the combustion test for almond tree, using equal conditions regarding fuel load and fan operation, as can be seen in Figure 6 . It can be said that in order to achieve nominal power, the system requires 62.0% of excess air when using pellet from olive tree as fuel and 78.9% of excess air in the case of pellet from almond tree. These results validate those predictions specified in Section 2.1 obtained from the results regarding air-fuel ratio stoichiometric for both fuels, which are indicated in Table 2 .
In any case, the efficiency results obtained from both tests at nominal power were very satisfactory. In addition, this efficiency can increase significantly with the decrease of the temperature of exhaust gases by means of the addition of one or more modules to the boiler.
In this regard, BIO System technology could be considered as a suitable technical and economic option for combustion of pellets from olive and almond trees as this system introduces technical modifications that favor the increase of power and the reduction of the excess air (Table 4 ). This could have positive economic implications since this system could work under higher values of power due to the existence of two separate zones for the burner and boiler, and this technology could increase the combustion efficiency due to the reduction of the excess air.
Materials and Methods
Physicochemical Characterization of Fuels
Previously to the physicochemical characterization, the pellet manufacturing is described. The product was received in the plant of pellet processing. Then, the material was weighed and a moisture control was carried out. A wood chipper reduced the size of the product to fragments of 10 cm. Subsequently, the product was dried by hot air and then underwent a settling process to collect the material. Next, a milling process was performed to reduce the size of the pellets. Finally, the material was compacted, cut, and cooled down to get the characteristics that are shown in Table 1 . Chemical characteristics of pellets from almond and olive trees depend on the type of cultivation. Figure 7 shows two images of both types of pellets.
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Materials and Methods
Physicochemical Characterization of Fuels
Previously to the physicochemical characterization, the pellet manufacturing is described. The product was received in the plant of pellet processing. Then, the material was weighed and a moisture control was carried out. A wood chipper reduced the size of the product to fragments of 10 cm. Subsequently, the product was dried by hot air and then underwent a settling process to collect the material. Next, a milling process was performed to reduce the size of the pellets. Finally, the material was compacted, cut, and cooled down to get the characteristics that are shown in Table 1 . Chemical characteristics of pellets from almond and olive trees depend on the type of cultivation. Figure 7 shows two images of both types of pellets. Bulk density is an important parameter in the physical characterization of fuel, as it allows for the definition of the control parameters of pellet storage and transport systems. Another relevant parameter is pellet size, that is, its diameter and length. A random sampling of each fuel, pellets from almond and olive trees, was carried out in order to define these characteristics. The length and the diameter of the pellets were determined according to ISO 17829:2015 [32] , and the bulk density was evaluated according to EN 15150:2011 [33] .
For three samples of each fuel, immediate and elemental analyses and determination of heating value were carried out. More specifically, the sampling was carried out using the received, stabilized, and dry samples of each type of pellet analyzed. The received sample is the sample as it is received in the laboratory. The dry sample is the sample after undergoing a drying process in order to eliminate moisture. The stabilized sample is that sample which has been allowed to stand for some hours so that it returns to its natural state, as samples are collected in bags and may contain Bulk density is an important parameter in the physical characterization of fuel, as it allows for the definition of the control parameters of pellet storage and transport systems. Another relevant parameter is pellet size, that is, its diameter and length. A random sampling of each fuel, pellets from almond and olive trees, was carried out in order to define these characteristics. The length and the diameter of the pellets were determined according to ISO 17829:2015 [32] , and the bulk density was evaluated according to EN 15150:2011 [33] .
For three samples of each fuel, immediate and elemental analyses and determination of heating value were carried out. More specifically, the sampling was carried out using the received, stabilized, and dry samples of each type of pellet analyzed. The received sample is the sample as it is received in the laboratory. The dry sample is the sample after undergoing a drying process in order to eliminate moisture. The stabilized sample is that sample which has been allowed to stand for some hours so that it returns to its natural state, as samples are collected in bags and may contain moisture.
Moisture, ash content, volatile matter, and fixed carbon percentages of pellets from almond and olive trees were identified during immediate analysis. Moisture was determined in accordance with the norm ISO 18134-2:2015 [34], ash content based on the norm ISO 18122:2015 [35] , and volatile matter according to the norm ISO 18123:2015 [36] .
The elemental analysis includes the determination of percentage by weight of carbon, hydrogen, nitrogen, and sulfur. The percentages of carbon, hydrogen, and nitrogen were determined in accordance with the norm ISO 16948:2015 [37] , and the percentage of sulfur was assessed according to ISO 16994:2015 [38] .
Upper and low heating values were evaluated according to EN 14918:2009 [39] scientific norm. Moreover, other relevant parameters to predict the combustion process and efficiency, such as energy density, air-fuel ratio stoichiometric (AFR), and adiabatic temperature of the flame, can be calculated from the heating value, pile density, and elemental analysis of a fuel.
Description of BIO System Equipment
The BIO System equipment used for this study consists of a boiler, a complete burner and a control cabinet (Figure 8 ). The boiler is modular and composed of cast iron elements and three fume passages. The working pressure is 4 bar. The cascade biomass burner has automatic ignition, flame viewing, and easy access for cleaning and maintenance. The adjustment of that system enables the control of all the boiler functions and the fuel transportation in a cabinet with display. The elemental analysis includes the determination of percentage by weight of carbon, hydrogen, nitrogen, and sulfur. The percentages of carbon, hydrogen, and nitrogen were determined in accordance with the norm ISO 16948:2015 [37] , and the percentage of sulfur was assessed according to ISO 16994:2015 [38] .
Upper and low heating values were evaluated according to EN 14918:2009 [39] scientific norm. Moreover, other relevant parameters to predict the combustion process and efficiency, such as energy density, air-fuel ratiostoichiometric (AFR), and adiabatic temperature of the flame, can be calculated from the heating value, pile density, and elemental analysis of a fuel.
The BIO System equipment used for this study consists of a boiler, a complete burner and a control cabinet (Figure 8 ). The boiler is modular and composed of cast iron elements and three fume passages. The working pressure is 4 bar. The cascade biomass burner has automatic ignition, flame viewing, and easy access for cleaning and maintenance. The adjustment of that system enables the control of all the boiler functions and the fuel transportation in a cabinet with display. Several authors have worked with other technologies for the combustion of different kinds of pellets from agriculture and wood waste. In this regard, Verma et al. [40] worked with a 40 kW boiler. Furthermore, Dias et al. [41] and González et al. [26] studied the behavior of domestic boilers and analyzed the emissions generated from the combustion process. In light of this, Verma et al. [42] and Verma et al. [43] carried out a comparative study of the efficiency of different equipment in the frame of technical specifications. Persson et al. [44] developed several mathematical models to describe the performance of different types of boilers.
Experimental Procedure
Combustion tests with pellets from almond and olive trees were carried out in the BIO System in order to determine the variables studied for a stable combustion process, such as CO and NOx emissions, combustion efficiency under optimal conditions, at nominal power, and at different partial loads, as well as the excess of air during combustion. In addition, an assessment of the behavior of the BIO System burner with these two fuels, pellets from almond and olive trees, was Several authors have worked with other technologies for the combustion of different kinds of pellets from agriculture and wood waste. In this regard, Verma et al. [40] worked with a 40 kW boiler. Furthermore, Dias et al. [41] and González et al. [26] studied the behavior of domestic boilers and analyzed the emissions generated from the combustion process. In light of this, Verma et al. [42] and Verma et al. [43] carried out a comparative study of the efficiency of different equipment in the frame of technical specifications. Persson et al. [44] developed several mathematical models to describe the performance of different types of boilers.
Combustion tests with pellets from almond and olive trees were carried out in the BIO System in order to determine the variables studied for a stable combustion process, such as CO and NO x emissions, combustion efficiency under optimal conditions, at nominal power, and at different partial loads, as well as the excess of air during combustion. In addition, an assessment of the behavior of the BIO System burner with these two fuels, pellets from almond and olive trees, was obtained during long periods of operation.
The combustion process developed in the BIO System burner comprises five stages:
1.
Initial fuel filling and turning-on of the BIO System burner by means of a hot-air igniter oriented towards the fuel pile ( Figure 9 ). During this first stage, primary and secondary air fans are switched on, so there is a high excess of air in the chamber.
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1. Initial fuel filling and turning-on of the BIO System burner by means of a hot-air igniter oriented towards the fuel pile ( Figure 9 ). During this first stage, primary and secondary air fans are switched on, so there is a high excess of air in the chamber. There is a soft start-up of the system in this way. 3. Combustion stabilization with screw feeder times of 3/20 s. A stable situation is reached after several minutes when the combustion is maintained with only the heat contribution of the biomass (there is no need to use the hot-air igniter). In this regard, the total air flow needed is a key parameter to ensure the correct operation of the system and a stable combustion process. In this case, total air flow presents a value ranging between 290 m 3 •h −1 and 300 m 3 •h −1 , with an excess of air fluctuating between 60% and 80%. 4. Rise in fuel load. When the combustion process and resulting power are in steady conditions, such conditions are kept for as long as data collection lasts in order to compare the emissions obtained for each of the partial loads until they reach nominal power. 5. Turning-off of the BIO System burner. The biomass feeding system is switched off whereas primary and secondary air fans are on, so that any remaining material that may remain in the burner is consumed.
After the system was switched on, an optimal steady combustion was achieved in the BIO System burner for both types of pellets, obtaining the data necessary to measure emissions and calculate efficiency. 
2.
The BIO System burner is fed with new particles of biomass. The operating times for the screw feeder are 3 s in ON position and 20 s in OFF position. During this stage, there is a gradual increase of CO in flue gases, which corresponds to a slow progressive rise in the flow of the biomass introduced into the chamber until the mass flow necessary to obtain the nominal power of the experimental system (165 kW) is reached. In the case of the BIO System burner, the mass flow is within the range of 35 kg·h −1 and 40 kg·h −1 . There is a soft start-up of the system in this way.
3.
Combustion stabilization with screw feeder times of 3/20 s. A stable situation is reached after several minutes when the combustion is maintained with only the heat contribution of the biomass (there is no need to use the hot-air igniter). In this regard, the total air flow needed is a key parameter to ensure the correct operation of the system and a stable combustion process. In this case, total air flow presents a value ranging between 290 m 3 ·h −1 and 300 m 3 ·h −1 , with an excess of air fluctuating between 60% and 80%. 4.
Rise in fuel load. When the combustion process and resulting power are in steady conditions, such conditions are kept for as long as data collection lasts in order to compare the emissions obtained for each of the partial loads until they reach nominal power.
5.
Turning-off of the BIO System burner. The biomass feeding system is switched off whereas primary and secondary air fans are on, so that any remaining material that may remain in the burner is consumed.
After the system was switched on, an optimal steady combustion was achieved in the BIO System burner for both types of pellets, obtaining the data necessary to measure emissions and calculate efficiency.
Analysis of CO and NO x Emissions
During the tests with pellets from almond and olive trees, collection and saving of several measurements were carried out for CO and NO x emissions and their O 2 percentage in the flue. For this purpose, the gas analyzer Testo 350-XL was used. This portable and versatile measuring system comprises a control unit, a combustion analyzer, and a sampling probe. The control unit can be removed and is provided with built-in printer and display. The analyzer includes built-in measuring sensors for O 2 , CO, and NO x , Peltier gas preparation with peristaltic pump for controlled condensate outlet, and a cleaning valve for long-lasting measurements. The analyzer also measures temperature and differential pressure. The sampling probe is 700 mm long, made of stainless steel 1.4841, and its diameter is 8 mm. As a consequence of dusty gases, it is possible to attach a filter with a pore size of 3 µm to the probe in order to protect it against dust. The hose length is 2.2 m. The maximum operating temperature is 1000 • C.
Combustion Efficiency
It is possible to calculate combustion efficiency on the basis of the data collected from the gas analysis equipment. The efficiency of combustion equipment can be calculated as the quotient between the energy generated by the system and the potential energy of the fuel by means of the upper heating value or lower heating value. However, due to inaccuracies inherent to the measurement of the solid matter flow (this depends on factors that are difficult to take into account such as fuel agglomeration before it is fed into the chamber or its homogeneity), a different method can be used in plants where solid fuels are used in order to calculate the efficiency. As it can be seen in Equations (1) and (2), this is obtained by subtracting system losses, expressed in parts per unit, from the highest notional efficiency, which is 1.
where η comb is the combustion efficiency and Q T is the total of system losses. Q T = ∑ Q i = Q g + Q rad + Q conv + Q n−b,g + Q n−b,s + Q sa (2) where Q i is each of the system losses, Q g is gas loss, Q rad is radiation loss, Q conv is convection loss, Q n−b,g is the total of non-burnt gaseous losses, Q n−b,s is the total of non-burnt solid losses, and Q sa is the solid ash loss. The following scenarios have been taken into account when using this calculation method:
• Non-burnt solid losses, Q n−b,s , have not been quantified, as the operating time under stable conditions was not long enough to obtain a representative value for each power range studied. Consequently, no non-burnt solid losses have been assumed.
•
As the ash content of the fuel was lower than 3% (Table 2) , the value of Q sa , which refers to sensitive heat losses in ash, has not been considered, since those losses are considered to be practically insignificant.
For this calculation, the following constants were used: 11.8421 m 3 ·h −1 for water volumetric flow and 4.185 kJ·kg −1 · • C −1 for water specific heat.
Taking these considerations into account, combustion efficiency can be obtained from Equation (3):
Conclusions
From the beginning of the study, physical and chemical fuel characterization shows the feasibility of the use of fuel in the BIO System burner. Both the medium size of pellets and high content of volatile matters favor a proper combustion by means of the use of this technology.
Once emissions of pollutant gases and efficiency calculations have been carried out, the results obtained are highly acceptable, with levels of CO emissions below those legally required by current legislation in European countries and high combustion efficiency, with values of 87.7% for pellet from olive tree and 86.3% for pellet from almond tree. As for NO x emissions, results are close to those required by European regulations, which is a very satisfactory condition.
In conclusion, the use of BIO System technology is seen as a perfectly feasible option from both a technical and an economic point of view for the combustion of pellets from olive and almond trees due to the fact that this system allows for an increase in power by placing the burner of pellets out of the boiler zone and it allows for an increase in the efficiency of the system by reducing the excess of air. Thus, these pellets from olive and almond trees can be considered as technological nutrients within the circular economy model.
